Krüppel-like factor 4 (Klf4), was verified using Northern blotting. ES cells overexpressing SOCS-3 had an increased capacity to differentiate to hematopoietic progenitors, rather than to self-renew. In contrast, ES cells over-expressing Klf4 had a greater capacity to self-renew based on secondary embryoid body (EB) formation. Klf4-transduced d6 EBs expressed higher levels of Oct-4, consistent with the notion that Klf4 promotes ES cell self-renewal. These findings verify the negative role of SOCS-3 on LIF signaling and provide a novel role for Klf4 in ES cell function.
INTRODUCTION
The mechanisms that control self-renewal of somatic and embryonic stem (ES) cells are unknown; however, identification of regulating molecules is essential for developing stem cell-based therapeutic strategies. Leukemia inhibitory factor (LIF) promotes murine ES cell self-renewal and maintains pluripotency in culture 1 . LIF binds the heterodimeric LIF receptor-gp130 complex and activates the Jak kinases with recruitment of Shp-2 and For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From providing strong evidence that LIF-stimulated STAT3 activation is critical for ES cell self-renewal 3, 4 . Mutation of the Shp-2-binding tyrosine on gp130 prolongs STAT3 activation and increases self-renewal, whereas it diminishes Erk activation, indicating that Shp-2 functions to balance LIF-stimulated STAT3 and Erk activation, thus modulating ES cell self-renewal and differentiation, respectively , have increased sensitivity to LIF and increased self-renewal capacity as assayed by secondary embryoid body (EB) formation, both of which are normalized upon reintroduction of WT Shp-2 7, 8 . Consistently, Shp-2 ES cells manifest increased LIFstimulated phospho-STAT3 and decreased LIF-stimulated phospho-Erk activity 7 .
As LIF-stimulated STAT3 is crucial for ES cell self-renewal, we hypothesized that LIFinduced genes would be fundamental in ES cell self-renewal. Additionally, since LIF- 
METHODS AND MATERIALS
ES Cell Culture and Microarray Analysis. The Shp-2 cell line, IC3, was generated as described 7 . IC3 cells were cultured in serum-free, LIF-free media for 6 hours followed by treatment with phosphate buffered saline (PBS) or LIF (1000 u/mL) for 45 minutes. Total RNA was extracted using QIAamp RNA Mini kit (Qiagen Inc.
Valencia, CA) and submitted to the Center for Medical Genomics at the Indiana University School of Medicine for labeling and hybridization to Affymetrix Murine Genome U74A GeneChips® (Affymetrix, Santa Clara, CA). LIF stimulation, RNA preparation, and microarray analysis were performed in triplicate and analyzed with MAS5 Software. T-tests using the signal were performed using CyberT 9 for genes present in at least one-half of the arrays for either condition 10 . Confirmatory Northern blots were conducted as described 11 .
Retroviral plasmids, ES cell transduction, and in vitro differentiation.
The SOCS-3 cDNA and the Klf4 cDNA (from Dr. Vincent Yang, Emory University School of Medicine) were epitope-tagged with FLAG at the 5'-end, subcloned into the retroviral vector, pMIEG3, in tandem with EGFP, and confirmed by sequencing. Retroviral supernatants were prepared using Eco-Phoenix packaging cells by the Indiana University Vector Production Facility. R1 (WT) ES cells were transduced using polybrene (40 mg/mL) over 48 hours. EGFPpositive cells were collected using FACS and subjected to hematopoietic in vitro differentiation assays, as described 7, 12 . Transduction, sorting, and in vitro differentiation assays were conducted in two independent experiments. 
RESULTS AND DISCUSSION
To define an appropriate time to evaluate LIF-stimulated gene expression, we determined that c-fos mRNA induction, known to be regulated by LIF-induced STAT3 activation 14, 15 , was maximal following LIF treatment for 45 minutes (not shown Tables 1 and 2 ). The two most significantly upregulated genes were SOCS-3 (increase 34.4-fold, p<0.000001) and Klf4 (increase 2.1-fold, p=0.000057). Using Northern blot, we examined the effect of LIF on SOCS-3 and Figure 1C ). These data support previous studies that SOCS-3 acts as a negative regulator of LIF signaling [15] [16] [17] and provide a novel role for Klf4 in ES cell differentiation and self-renewal. ) progenitors, and secondary EBs; data represent two independent experiments with cultures plated in triplicate; *p=0.02 for pMIEG3-SOCS-3 v. pMIEG3; **p=0.03 for pMIEG3-SOCS-3 v. pMIEG3; ***p=0.0002 for pMIEG3-Klf4 v. pMIEG3. Error bars represent S.E.M. Statistics conducted using two-tailed, unpaired, Student's t test.
Based on the differences in ES cell function induced by SOCS-3 or Klf4 over-expression, we determined the exogenously-introduced and total SOCS-3 and Klf4 protein levels achieved in the transduced ES cells. Immunoblotting with anti-FLAG demonstrated that the exogenously introduced SOCS-3 and Klf4 were expressed in the transduced ES cells (Figure 2A) . Densitometric measurements demonstrated a 3-fold increase in total SOCS-3 protein and a 6-fold increase in total Klf4 protein compared to cells transduced with vector alone (Figure 2A ).
As the secondary EB assay suggested that Klf4 promotes ES cell self-renewal, we examined the level of Oct-4 protein, which is essential for ES cell self-renewal 18, 19 , in d6
EBs. We observed that Oct-4 was significantly elevated (7-fold) in the Klf4-transduced d6 EBs compared to that of vector alone or SOCS-3-transduced d6 EBs ( Figure 2B ).
These results support a role for Klf4 in modulating ES cell self-renewal. been implicated as a negative prognosticator in breast cancer 21, 22 and as a tumor suppressor gene in gastrointestinal malignancies 23, 24 . Based on the differential effect of cells. In contrast, we observed that SOCS-3 promotes ES cell differentiation, likely by diminishing the self-renewing effects of LIF. Our findings support the conclusions of others that SOCS-3 is regulated at the transcriptional level by LIF 17, 25 and functions as a feedback inhibitor on LIF signaling 16, 17 . These data provide feasible candidate genes for ES cell self-renewal, support a negative role of SOCS-3 on LIF signaling in ES cells, and present a novel role for Klf4 in ES cell function.
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